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Cavity-enhanced radiation pressure coupling between optical and mechanical degrees 
of freedom allows quantum-limited position measurements and gives rise to dynamical 
backaction enabling amplification and cooling of mechanical motion. Here we demon- 
strate purely dispersive coupling of high Q nanomechanical oscillators to an ultra-high 
finesse optical microresonator via its evanescent field, extending cavity optomechanics 
to nanomechanical oscillators. Dynamical backaction mediated by the optical dipole 
force is observed, leading to laser-like coherent nanomechanical oscillations solely due 
to radiation pressure. Moreover, sub-fm/Hz^''^ displacement sensitivity is achieved, 
with a measurement imprecision equal to the standard quantum limit (SQL), which 
coincides with the nanomechanical oscillator's zero-point fluctuations. The achieve- 
ment of an imprecision at the SQL and radiation-pressure dynamical backaction for 
nanomechanical oscillators may have implications not only for detecting quantum phe- 
nomena in mechanical systems, but also for a variety of other precision experiments. 
Owing to the flexibility of the near-field coupling approach, it can be readily extended 
to a diverse set of nanomechanical oscillators and particularly provides a route to exper- 
iments where radiation pressure quantum backaction dominates at room temperature, 
enabling ponderomotive squeezing or QND measurements. 



Nanomechanical oscillators [T] |2] possess wide-ranging ap- 
plications in both fundamental and applied sciences. Due to 
their small mass they are ideal candidates for probing quan- 
tum limits of mechanical motion in an experimental setting. 
Moreover, they are the basis of various precision measure- 
ments m H] and integral part of atomic and magnetic force 
microscopy |5] that are pivotal tools for solid state physics 
and material science. Significant attention has been devoted 
to developing sensitive readout techniques for nanomechan- 
ical motion over the past decade. A natural scale for com- 
paring the performance achieved with systems of different 
size and mass is given by the variance of the mechanical os- 
cillators' zero-point motion {x (t)^)zp = h/{2mO,n^) (h: re- 
duced Planck constant; m, S7ni/27r, Q: mass, resonance fre- 
quency, quality factor of the oscillator). In Fourier space 
the zero-point motion can be described by the single-sided 
(double-sided) spectral density Sxx [fi] , which at the mechan- 
ical oscillator's resonance evaluates to Sxx [fim] = 2hQ/mQ^ 
{Sxx [f2m] = hQ/mO,^) and coincides with the standard quan- 
tum limit [6l [3 m |9] (SQL) of continuous position measure- 
ment. So far, the most sensitive transducers for nanomechan- 
ical motion have been based on electron flow using a single 
electron transistor [TU] (SET) or atomic point contact [11) 
(APC) coupled to a nanomechanical string in cryogenic en- 
vironment and have achieved a position imprecision of or- 
der 10~^^ m/Hz^'''^. An imprecision at the level of the SQL, 
however, has not been achieved yet. In contrast, paramet- 
ric motion transducers based on photons in a cavity-which 
are the basis for laser gravitational wave interferometers- 
provide quantum-limited measurement imprecision exceeding 
10"^*m/Hz^/^ [UlIIS] being at or even below [14] the zero- 
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point fluctuations of the respective mechanical oscillator but 
are typically orders of magnitude less sensitive when applied 
to less massive, nanomechanical oscillators due to the op- 
tical diffraction limit 15 . However, cavity-optomechanical 
coupling of mechanical oscillators allows exploiting radiation 
pressure dynamical backaction [161117] that is associated with 
the momentum transfer from the photons involved in the 
measurement to the probed object and provides a mecha- 
nism for cooling [181 1191 [20] or coherent amplification 21] 
of mechanical motion. As such, an ideal platform would 
combine the quantum-limited detection and control afforded 
by cavity-optomechanical coupling with nanoscale mechanical 
systems which, owing to their small masses provide large zero 
point motion and high force sensitivity. Such an approach 
may thereby have promising implications for probing quan- 
tum phenomena of mechanical systems [22j and equally in 
precision experiments such as mass spectroscopy [3], charge 
sensing |1] and single spin detection [5] that are based on 
ultra-sensitive nanomechanical oscillators. 

Efficient optomechanical interaction with nanomechanical 
oscillators however requires avoiding introducing losses to 
the high-finesse optical cavity by the nanomechanical object, 
while maintaining large optomechanical coupling and miti- 
gating thermal effects. Here we demonstrate this combina- 
tion, via evanescently coupling high-Q nanomechanical oscil- 
lators to the tightly confined optical field of ultra-high finesse 
toroidal silica microresonators. Purely dispersive radiation 
pressure coupling to the nanomechanical strings is observed 
and allows sub-fm/Hz'^'^^ displacement imprecision (at room 
temperature) which equals the standard quantum limit, thus 
exceeding the performance of the best nanomechanical mo- 
tion detectors [lOl E] ES] |24l|25] . In contrast to the recently 
developed optomechanical zipper cavities [25] which also op- 
erate at the nanoscale, the reported near-field approach more- 
over decouples optical and mechanical degrees of freedom and 
thus provides a versatile platform to which diverse nanoscale 
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Figure 1: Evanescently coupling a nanomeclianical os- 
cillator to an optical microresonator. a, Schematic of the 
experiment showing a tapered fibre interfaces optical microres- 
onator dispersively coupled to an array of nanomechanical oscil- 
lators, b, Scanning electron micrograph (false colour) of an ar- 
ray of doubly clamped SiN nanostring oscillators with dimensions 
110 nm X (300-500) nm X (15-40) /^m. c, Scanning electron micro- 
graph (false colour) of a toroid silica microcavity acting as optome- 
chanical near-field sensor. 



oscillators, such as nanowires p6], graphene sheets ^7], or 
carbon nanotubes can be tunably coupled, extending cavity 
optomechanics ^17j into the realm of nanomechanical oscilla- 
tors. In particular, it enables simultaneously high mechanical 
and optical Q giving access to the resolved sideband regime 
[141 1281 I29| . By detuned excitation, dynamical backaction 
mediated by the optical dipole force is demonstrated which 
leads to radiation pressure induced coherent oscillations of the 
nanomechanical oscillator while thermal effects are negligible. 
Equally important, the combination of picogram and high 
quality factor nanostrings |30| with ultra-high optical finesse 
microresonators provides a route to the remarkable regime 
where radiation pressure quantum backaction is the domi- 
nant force noise on the mechanical oscillator even at room 
temperature and might thus enable quantum optomechanical 
experiments such as ponderomotive squeezing |31| . quantum 
non-demolition (QND) measurements of photons [321 133) or 
optomechanical entanglement [HJ at ambient temperature. 

Fig. [l]a shows a schematic of the experimental setup. We 
employ an array of nanomechanical oscillators in the form 
of high-Q, tensile stressed and doubly clamped SiN strings 
|15ll30j such as depicted in Fig. [T]b. The strings have typical 
dimensions of 

110 nm X (300-800) nm x (15-40)/im, effective masses 
of rries = 0.9-5 pg and fundamental resonance frequencies 
r2m/27r = 6.5-16 MHz with mechanical quality factors of 
Q = 10^-10^ (cf. Supplementary Information, SI). Following 
a special fabrication process (cf. SI) indeed allows using the 
tightly confined optical modes of toroid silica microcavities 
as near-field probes (cf. Fig [l] c) which interact with the 
nanomechanical oscillator via their evanescent field decaying 
on a length-scale of a^^ ~ {X/2-k) j^/n^ — 1 (i.e. approxi- 
mately 235 nm for the refractive index of silica n = 1.45 and 
a vacuum wavelength of A « 1550 nm employed throughout 
this work). 

Optomechanical coupling rate 

First, we study the strength of the optomechanical coupling 
of the nanomechanical oscillators to the optical mode of a 



58-/im-diameter microcavity (exhibiting an unloaded optical 
linewidth of 4.9 MHz, i.e. a finesse of .7^ = 230, 000). The pres- 
ence of a dielectric oscillator in the evanescent cavity field, at 
a distance a;o to the microresonator surface, can in principle 
give rise to both a reactive and dispersive contribution to the 
optical cavity response [35]. The former would be character- 
ized by increased cavity losses due to scattering or absorp- 
tion, i.e. by a position dependent cavity linewidth k{xo)/2'k. 
The latter can be described by an optical frequency shift 
{ijJoixo) — ujo)/2-n caused by the increased effective refractive 
index sampled by the evanescent fraction of the mode {loq de- 
notes the unperturbed cavity frequency with the nanomechan- 
ical oscillator being removed). In order to probe this static 
interaction, we position the nanomechanical strings tangen- 
tially to the optical whispering gallery mode (WGM) trajec- 
tory and vary their distance (cf. Fig. [2] a, inset) to the cavity 
using piezoelectric positioners. Note that all experiments are 
performed in this horizontal configuration of the nanostrings 
as well as in vacuum with a pressure < 10""* mbar unless oth- 
erwise specified. As depicted in Fig. [2] a, the interaction 
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Figure 2: Characterization of the optomechanical cou- 
pling, a, and b, show the dependence of a 58-^m-diameter optical 
microcavity's linewidth (red) and negative optical frequency shift 
(blue) as a function of the distance xq to nanomechanical oscillators 
in form of a doubly clamped SiN string (110 nm X 800 nm X 25 /im, 
a) and a 2-D Si3N4 sheet (30 nm X 40 /im X bO lira, b). The data 
reveals in both cases purely dispersive coupling without introduc- 
ing a measurable degradation of the microcavities' optical decay 
rate. The right axes show the static optomechanical coupling rates 
g (a'o) = dwQ {xq) /cLxq, as given by the negative derivative of the 
fitted frequency shift data (blue only). Coupling rates g/27r of order 
lOMHz/nm are achieved, c, shows the Brownian noise associated 
with the nanomechanical oscillator of panel a transduced via the 
optical cavity for different oscillator positions. Shown as inset are 
the respective dynamical coupling rates g/2-K derived from the cali- 
brated frequency noise spectra St^t^ as explained in the text, d, 
shows the interference of the nanomechanical oscillator's force and 
the microcavity's Kerr response to a modulated laser field confirm- 
ing the attractive nature of the dipole force. Moreover, this mea- 
surement represents a third, independent method to determine the 
optomechanical coupling rates (shown as inset: g/27r, cf. text and 
SI). Inset: Broadband response of the nanomechanical oscillator- 
microcavity system, showing thermal cut-off and Kerr-background 
as well as first low-Q mechanical modes of the microcavity. It is 
noted that the presence/absence of the nanomechanical oscillator 
does not alter this broadband, off-resonant response. 
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with a nanomechanical string (110 nm x 800 nm x 25 fim) in- 
duces an optical frequency shift which exponentially increases 
as the distance xo is decreased and reaches the GHz range. 
The measured decay length of 110 nm is in good quantita- 
tive agreement with the theoretically expected value l/(2a). 
Importantly, we do not measure any degradation of the opti- 
cal linewidth (cf. Fig. [2] a) even for the strongest coupHng. 
Our measurement accuracy of changes in the cavity linewidth 
AK/27r < 0.5 MHz allows inferring an upper bound of 0.5 ppm 
equivalent optical loss induced by the SiN nanomechanical 
oscillator. Thus, the optomechanical coupling is purely dis- 
persive and can therefore formally be described by the dis- 
persive Hamiltonian Ho = hujo{xo)a^ a, where a^a denotes 
the intracavity photon number. Linearized for small fluctu- 
ations X ^ around xq, e.g. for the Brownian motion of 
the string placed at xq, the interaction Hamiltonian reads: 
Hint = Ho + hg{xo)x a^a with the optomechanical coupling 
rate g{xo) = dcuo (xo) /dxo- 

Experimentally, the position dependent optomechanical 
coupling rates of the nanomechanical string to the microcav- 
ity can be obtained by taking the derivative of the measured 
static frequency shifts, i.e. g{xo) ~ duoi^) /dx\^^^^. These 
statically determined coupling rates reach values up to 
g/2-K = lOMHz/nm (cf. Fig. [2] a). For comparison, also 
data obtained with a 2-D nanomechanical oscillator in 
the form of a 30 nm x 40 ^m x 50 ^m sheet of Si3N4 is 
shown, which also reveals purely dispersive coupling (cf. 
Fig. [2] b) of up to g/2Tv = 20MHz/nm. This sizeable 
coupling is due to the small mode volume Vcav of toroid 
microcavities since the optomechanical coupling scales as 
g oc (Vnano/Kav) ' i^o/l, whcrc V^iano is the Sampled volume 
of the nanomechanical oscillator and I a characteristic 
length scale which in our case is given by the field intensity 
decay length, i.e. I — l/(2a) ~ llOnm (cf. SI for analytic 
expressions of g). Yet higher optomechanical coupling rates 
can be attained in our system by reducing the size of the 
microcavity and the wavelength of the employed light. Using 
an integrated photonic crystal device with a larger ratio 
Kiano/K:av, recently allowed obtaining remarkably large 
coupling rates of ca. lOOGHz/nm [25]. It however also 
entailed the disadvantage that it is generally difficult to 
obtain high optical Q in photonic crystal cavities such that 
the resolved-sideband regime where the optical linewidth is 
comparable to or smaller than the mechanical oscillation 
frequency could not be achieved in ref. 25. The approach 
presented here, in contrast, separates optical and mechanical 
degrees of freedom. Since the nanomechanical oscillators do 
not induce any measurable losses to the ultra-high finesse 
microresonators it thus particularly allows combining the 
toroids' high optical Q (> 10*) with high mechanical Q 
and falls naturally into the resolved-sideband regime which 
enables ground-state cooling [281 I29| or backaction evading 
measurements [6]. 

Transduction of nanomechanical motion 

The optomechanical coupling rate transduces the motion of 
the nanomechanical oscillator's eigenmodes (characterized 
by the displacement spectral density ^^^^[n]) into frequency 
noise Sui^lf^] of the optical cavity mode. Fig. [2] c shows 
the Brownian motion of a nanostring at room temperature 
(llOnm X 800nm X 25Mm, Qm = 10.74MHz, Q = 53,000, 
meff = 3.6 pg, a;rms ~ 16 pm) imprinted into cavity frequency 
noise, probed by a laser locked to cavity resonance and 



calibrated using a known external frequency modulation as 
in prior work [131 1141 . The nanostring's room temperature 
Brownian noise Sxx [^] can thus be used to directly determine 
the optomechanical coupling g = ^J S^^^j / Sxx in a second, 
independent way. We refer to this as a dynamic measure- 
ment. Both for the SiN nanostring and the 2-D Si3N4 
nanosheet the values obtained for the dynamically measured 
coupling rates are in good agreement with the statically 
determined values (cf. SI). It is important to note that this 
identity of static and dynamic coupling rates is in agreement 
with the expectation for optical dipolar interaction which 
should give rise to frequency independent optomechanical 
coupling rates g. The non-measurably small optical losses 
(< 0.5 ppm) induced by the nanostrings also indicate that 
dissipative coupling mediated by thermal effects via light 
absorption plays an insignificant role. Indeed, differentiating 
radiation pressure from thermal effects is a challenge that 
has eluded researchers for centuries. A prominent example 
is the light mill which can be driven by thermal heating, 
rather than by radiation pressure. More recently, thermal 
effects have been shown to play a significant role in micro- 
and nanomechanical systems [251 1361 I37| . It is, however, 
only the conservative Hamiltonian of radiation pressure that 
allows phenomena such as ponderomotive squeezing ,31^ or 
quantum non-demolition (QND) measurements of photons 
[32] . Therefore it is central to clearly identify the origin of 
the optomechanical interaction. 

Demonstration of radiation pressure interaction 

The optomechanical coupling not only gives rise to a differen- 
tial cavity frequency shift which transduces the nanostring's 
mechanical motion but also conveys the per-photon force 
—hg{xo) inevitably acting on the mechanical degree of 
freedom, as expected for any linear continuous position 
measurement. As a proof that indeed the optical dipole force 
mediates the optomechanical coupling-rather than thermal 
effects [251 1361 [37] -we carry out a pump-probe measurement 
which probes the force response of the nanomechanical oscil- 
lator. A resonant, intensity modulated pump-laser provides 
the modulated force SF [Q] — —hgSN [Q] (where A'^ is the 
intracavity photon number) acting on the nanomechanical 
oscillator while a second, weak probe-laser measures the 
response of the cavity resonance frequency. The measured 
data (cf. Fig. |2]d) consists of the nanomechanical oscillator's 
force response, interfering with the constant background due 
to the Kerr-nonlinearity of silica (i.e. its intensity dependent 
refractive index, cf. Fig. |2] d and Ref. 20). Note that the 
data for different optomechanical coupling rates are scaled 
to the constant Kerr-background which allows an accurate 
determination of the magnitude of the nanomechanical 
oscillator's response. Two important conclusions can be 
drawn from this measurement. First, the shape of the 
interference in Fig. [2] d implies that the force experienced 
by the nanomechanical oscillator is attractive (i.e. pointing 
towards higher intensity) as expected for an optical gradient 
force. Below its resonance frequency the mechanical oscillator 
responds in phase with the modulated force. The attractive 
force then pulls it towards the optical mode which leads to an 
increased redshift, adding to the in-phase redshift due to the 
Kerr contribution. Above its resonance frequency where the 
nanomechanical oscillator responds with a phase lag of 180 
degrees, the attractive force leads to destructive interference 
with the in-phase Kerr response. Second, the ratio of the 
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mechanical to the Kerr nonhnearity response constitutes a 
relative measure [20] and allows deriving the per-photon 
force acting on the nanomechanical oscillator independent 
of the optical parameters (cavity linewidth, coupling con- 
ditions, input power). The coupling rates g independently 
measured in this per-photon-force measurement match the 
values determined by both methods presented earlier (cf. SI 
for more details). This measurement thus unambiguously 
demonstrates that the interaction of the nanomechanical 
oscillator and the optical cavity is mediated by the dispersive, 
ponderomotive radiation pressure interaction, i.e. the optical 
dipole force, while no thermal forces are observable. 

Measurement of nanomechanical motion with an im- 
precision at the SQL 

Having established its ponderomotive origin, we use the op- 
tomechanical coupling to obtain a high-sensitivity readout of 
nanomechanical motion with an imprecision at the SQL. To 
this end, we employ a low-noise fiber laser which is quantum- 
limited in both amplitude and phase at the Fourier frequency 
of the mechanical oscillators (> 6 MHz), resonantly locked via 
a Pound- Drever-Hall technique [T^. The experimental setup 
is depicted in Fig. [sjb. Remarkably, using a k,/2-w = 50 MHz 
optical mode, more than 60 dB signal to background can be 
obtained when measuring the Brownian motion Sxx [^-m] of 
nanomechanical strings at room temperature. In an ideal 
measurement the background of the measurement is only 
given by laser shot-noise, which limits the single-sided dis- 
placement sensitivity attainable for an input power Pin and 
an impedance matched cavity to [12] : 

The best single-sided displacement sensitivity (as deter- 
mined from the background of the measurement) that was 
achieved amounts to Sx(i^ — 570 am/Hz^''^, as shown in 
Fig. [3] a, using an 8-MHz doubly clamped nanomechan- 
ical SiN string (110 nm x 800 nm x 35 /^m, mcft = 4.9pg, 
Q — 40,000), 65 /^W input power and a coupling rate of 
g/2Tv = 3.8MHz/nm. 

In order to allow comparing the attained imprecision to 
values obtained with other nanomechanical motion transduc- 
ers, we scale it to the nanomechanical oscillator's zero-point 
fluctuations which for the nanostring of Fig. |3] evaluate to 
820am/Hz^/'^ (single-sided). Thus, our measurement impre- 
cision amounts to only x0.7(-|-0.3/-0.2) the oscillator's zero- 
point fluctuations, i.e. x0.7(+0.3/-0.2) the SQL. Interest- 
ingly, the condition for a measurement with an imprecision 
better than the zero-point fluctuations can (for both single- 
and double-sided spectra) be recast into the condition of a 
signal to background ratio greater than y^2kBT/hilm — \/2^, 
where n = ksT/hQ^ denotes the average phonon occupation 
number of the mechanical mode (T: temperature, fcs: Boltz- 
mann constant). Such an imprecision had so far never been 
achieved, neither with the best transducers of nanomechan- 
ical motion based on electronic current flow using SET [10] . 
APC [11] and superconducting quantum interference device 
[23] sensors operating in cryogenic environment nor with inte- 
grated photonic crystal systems [25]. Thus, although higher 
absolute sensitivity has recently been obtained for a x 10 more 
massive oscillator [25], our approach for the flrst time allows 
measuring nanomechanical motion with an imprecision at the 
SQL. 




Figure 3: Displacement measurement of a nanomechani- 
cal oscillator with an imprecision at the standard quantum 

limit, a, Room temperature Brownian noise of a nanomechanical 
string with a fundamental resonance frequency of 8 MHz and di- 
mensions 110 nm x 800 nm X 35 /im (m^g = 4.9 pg, Q = 40,000). 
For an input power of 65 the displacement imprecision reaches 
a value of 570 am/ VHz (grey line), xO.7 the standard quantum 
limit, i.e. the oscillator's expected zero point fluctuations of 
820am/Hz^''^ (red dashed line). The large dynamic range across 
the wide frequency window gives rise to a 1.5 dB error bar for 
this value (shown in red). The background is given to 40% by 
laser shot-noise (purple dotted line), by thermal noise of the cav- 
ity (orange dotted line) and by detector noise (not shown). The 
second, 20 dB smaller peak is attributed to a second resonator in 
the toroid's field of view. Inset: finite element simulation of the 
string's fundamental mode, b, shows a schematic of the measure- 
ment setup used to attain an imprecision at the SQL employing 
a low-noise fibre laser emitting at 1548 nm and locked to cavity 
resonance {K/2ir = 50 MHz for the measurement shown in a). PD: 
photodiode, PC: personal computer, SA: spectrum analyzer, EOM: 
electro optic modulator, FPC: fibre coupled polarization controller. 



While the shot-noise limit extracted from the current 
measurement is as low as 380 am/Hz^'''^ (in good agreement 
with the theoretical expectation of 260 am/Hz^'''^, cf. SI), 
our measurement is presently also partially limited by 
detector noise, which can be eliminated via straightforward 
technical improvements. Moreover, further improvements 
are readily feasible. Using smaller microcavities and shorter 
optical wavelength may allow an increase of g by up to 
one order of magnitude. Thus, displacement sensitivities at 
the level of 10~^^ m/Hz^''^ may be attainable which would 
allow measurements with an imprecision far below the SQL. 
Ultimately, the background afforded by mechanical modes of 
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the cavity |13l I38| (cf. Fig. [s] a) and thermorefractive noise 
[131 I39j of the cavity will limit the sensitivity. These noise 
sources can, however, in principle be suppressed by cryogenic 
operation, which toroid microcavities have been shown to be 
compatible with |40l . 

Radiation pressure dynamical backaction 

A second important ramification of the reported cavity- 
optomechanical system stems from the fact that the 
nanomechanical oscillators exhibit oscillation frequencies 




O 0,1 1 10 

ffV4Tr^ (MHz^/ nm^) 




500 1000 

Time (ns) 



Figure 4: Observation of radiation pressure induced dy- 
namical backaction and colierent oscillations of a nanome- 
chanical oscillator, a, Mechanical linewidth of a SiN nanostring 
(110 nm X 800 nm X 25 fim with a Q of 70,000 at 10.8 MHz and 
rrigg = 3.6 pg) as a function of the optomechanical coupling rate for 
three different launched powers but fixed blue-detuning A = +k/2 
{k/2it = 12 MHz). The lines are fits to the dipolar force contribu- 
tion using the input power as only fit parameter which is in good 
agreement with the actual input power used (inset). Regions where 
the linewidth drops to a value close to zero coincide with the on- 
set of regenerative mechanical oscillations, b, shows the oscillation 
amplitude of the nanomechanical string (derived from a 30-Hz- 
bandwidth power measurement) as a function of the optomechan- 
ical coupling exhibiting threshold and saturation at typical values 
of 10 nm. c, shows the transmitted power past the cavity (normal- 
ized by the off-resonant transmission) for a nanomechanical string 
in the regime of the parametric oscillation instability. The coher- 
ent mechanical oscillation of the 3.6 pg string at 10.8 MHz causes a 
close to unity modulation depth of the optical field transmitted by 
the cavity. 



that equal or even exceed the photon decay rate of the optical 
resonator, enabling access to the regime of dynamical back- 
action both in the Doppler [181 1191 120] and resolved-sideband 
[141 1281 I29j limits. To observe dynamical backaction, the 
optical microcavity is excited with a positive laser detuning 
A = oj — uJo{xo), which can lead to maser/laser like amplifi- 
cation [41] of mechanical motion. Thereby, the mechanical 
oscillator resumes the role of the photon field in the laser 
and the cavity, in turn, plays the role of the (phonon) gain 
medium. As in the case of a laser, the canonical signs 
of this phenomenon are linewidth narrowing, threshold 
behaviour and eventual saturation of the oscillation. All 
these features are observed with the nanomechanical strings 
as depicted in Fig. [4] For fixed detuning the backaction 
gain rate Fba oc —g Pin/nias (cf. SI) grows linearly with 
increased g^. In the experiment the optomechanical coupling 
g is varied (for fixed detuning A = k/2, k/2tt = 12 MHz) 
giving rise to a narrowing of the total mechanical linewidth 
r = Fm -I- Fba, as shown in Fig. 14] a (Fin/27r denotes the 
intrinsic mechanical damping ratejT The experimentally 
observed slopes dV /d{g^) are in good quantitative agreement 
with the theoretical expectation for the dipolar force (cf. 
inset Fig. |4]a). When the backaction rate eventually equals 
the mechanical damping rate the nanomechanical oscillator 
experiences net gain which leads to the onset of coherent 
mechanical oscillations. A clear threshold of the mechanical 
oscillation amplitude as shown in Fig. [4] b is observable, 
followed by a saturation of the mechanical motion once the 
frequency shift caused by the mechanical oscillator exceeds 
the cavity linewidth, leading to gain saturation. Indeed, 
the large coherent oscillations of several nm in amplitude 
can lead, remarkably and despite the nanoscale nature of 
the strings, to near-unity modulation depth of the optical 
cavity transmission as shown in Fig. [4]c, when the oscillation 
amplitude is close to {K/2)/g. The resulting RF signal may 
serve as a photonic clock (42] and is expected to exhibit 
a linewidth limited only by thermal noise as in the case 
of a maser [41) . The observation of dynamical backaction 
amplification (and coherent oscillations) constitutes the 
first report of dynamical backaction onto a nanomechanical 
oscillator using radiation pressure (in contrast to thermal 
effects [36]), and in particular using optical gradient or dipole 
forces. So far, in the field of nanomechanics, dynamical 
backaction cooling or amplification has only been achieved 
using microwave fields |43j which owing to the ca. x 10** 
longer wavelength exhibit lower coupling rates and do not 
allow access to quantum-limited displacement sensing yet 
(albeit major progress is currently being made [44]). 

Outlook 

The extension of quantum-limited sensitivity with an impre- 
cision at the SQL and dynamical backaction to nanomechan- 
ical systems manifests a promising realm for future studies 
elucidating the quantum nature of optomechanical interac- 
tion. Remarkably, we note that combined with state-of-the- 
art nanomechanical strings [3^ the ratio of radiation-pressure 
quantum backaction (the force noise provided by photon shot- 
noise) and thermal force spectral density can reach unity at 
room temperature owing to the very small (picogram) mass 
and ultra-high finesse (> 400, 000) of the optomechanical sys- 
tem (cf. SI). This brings the long sought-after [H] [7] regime 
of quantum backaction into reach even at room temperature 
which would allow ponderomotive squeezing [3T] or QND 
measurements of the intra-cavity field [321 133] . A further 



6 



distinguishing feature of the presented approach is that by 
couphng the nanostrings transversely to the direction of the 
WGM field, quadratic coupling to the position coordinate of 
the nanomechanical oscillators enabling QND measurements 
of mechanical motion |45l I46j can be implemented by exploit- 
ing the standing wave mode patterns that microresonators 
can exhibit (cf. SI). 

Pertaining to the wider implications, the presented 
approach allows coupling to virtually any dielectric nanome- 
chanical oscillator. The ability to combine nanoscale 
mechanical oscillators-which are at the heart of a variety 
of high-resolution measurement techniques [3] |31 [S] and 
proximity (Casimir) force sensors-with quantum-limited 
displacement sensitivity at the sub-fm/Hz^''^ level conceiv- 
ably offers opportunities for improved performance in these 



research fields. Particularly interesting may also be the 
study of graphene sheets [27] , which have received significant 
attention in contemporary solid state physics. The possibility 
to couple several mechanical oscillators to a single optical 
mode may moreover provide a straightforward way to achieve 
optically mediated coupling between different mechanical 
oscillators. Finally, the used microtoroidal platform has 
already been demonstrated as interface for atomic cavity 
quantum electrodynamics (cQED) [47], enabling potentially 
the interaction of phonons, photons and atoms or qubits, as 
recently proposed |48l 149] . 

Note added: After submission of this work a measurement of 
nanomechanical motion using microwaves with an imprecision 
at the SQL has been reported [50] . 
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Supplementary Information - Near-Field Cavity Optomechanics with 

Nanomechanical Oscillators 



Supplementary Information accompanying the manuscript, pertaining to the fabrication of the microcavity samples and 
nanomechanical strings, the optomechanical coupling coefficient, the optomechanical response measurements, displacement 
sensitivity and dynamical backaction. Moreover, prospects for observing quantum backaction at room temperature as well as 

an elementary demonstration of quadratic coupling are given. 



I. FABRICATION OF OPTOMECHANICAL NEAR FIELD SENSORS AND NANOMECHANICAL 

STRINGS 

A. Optomechanical Near Field Sensors 

In order to couple toroidal silica microcavities 1 to nanomechanical oscillators, the optical cavity mode has to be readily 
accessible. To achieve this, optical microresonators are fabricated at the edge of silicon chips using a suitably modified 
microfabrication technique (cf. Fig. SI). First silica pads are created on an oxidized silicon wafer using optical lithography and 
a hydrofluoric wet-etch. In a second step the chip is cleaved such that the silica pads lie close to the rim of the chip support. 
In a subsequent XeF2 dry-etch the full chip with the top side being protected by photoresist is monitored by a microscope 
and at the same time precisely etched from the side until the edge of the chip lines up with the edge of the silica pad. After 
removing the photoresist, the silica pads are isotropically underetched using a further XeF2 dry-etch which lets the silica pad 
extend beyond the chip-support. During this phase, an additional silicon chip is placed next to the main sample to ensure 
homogenous etching. Finally the silica pad is subject to a CO2 laser assisted reflow process creating the ultra-high finesse 
microcavity near-field sensor. 




Figure SI: Sequence for fabricating optomechanical near-field sensors. See text for further information. 



B. Nanomechanical Strings 

The nanomechanical oscillators are fabricated from a high stress silicon nitride film enabling high mechanical quality factors 
[2113]. This llOnm-thick device layer is commercially grown by LPCVD on top of a 3 pim thick silicon dioxide sacrificial layer 
hosted by a silicon wafer (available through HSG-IMIT). The sample chip is processed using electron-beam lithography and 
subsequent reactive ion etching followed by a hydrofiuoric wet etch. It contains 20 identical sets of oscillator arrays, each of 
which holds 144 doubly clamped strings. Their lateral dimensions are varied sampling six lengths from 15 /im to 40 and 
four widths from 300 nm to 1000 nm. 
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II. OPTOMECHANICAL COUPLING RATE OF NANOMECHANICAL OSCILLATOR AND OPTICAL 

MICROCAVITY 

The Hamiltonian describing the optomechanical couphng W can be written and hnearized in the form: 

-ffint = ^^^'0(2:0 + i)ffl^a ^ Ho + hg{xo)a} ax (S 2) 

where x denotes the mechanical oscillator's position fluctuation around its mean distance to the toroid xo, (a) are creation 
(annihilation) operators of the optical mode with position dependent resonance frequency uoo{xo), and the optomechanical 
coupling rate g{xQ) is given by: 

, , dujo {xq) 

9(^0)^^, • (S3) 

0x0 

The linearization is justified when considering the typical amplitudes of the nanomechanical oscillators' Brownian noise of tens 
of pm at room temperature which is much smaller than the decay length of the evanescent field of typically 200 nm. The optical 
force exerted on the mechanical oscillator by the intracavity field (power P) can be written as 

F = ^ ^nga^a = -%^r,t , (S 4) 

where rn denotes the cavity roundtrip time. For a toroid of radius R and with effective refractive index UcS — (1 — ri)n + r^nc^t 
averaged over the mode profile that entails an evanescent part rj sampling the refractive index of the surrounding medium, rioxt, 
and the refractive index of silica, n, it is given by Trt = 2n Ruch/c (c: speed of light). Note that the force per photon {—hg) is 
determined solely by the coupling rate g. For comparison, if one studies the coupling to the intrinsic radial breathing mode 
of the toroid [3], then g = —loq/R and the force takes the usual form: F — where k = Uggujo/c is the intracavity 

effective wave vector. 

The coupling rate for evanescent optomechanical coupling of a nanomechanical oscillator to a microresonator can be derived 
from energy considerations, calculating the (small) microcavity frequency shift /S.ujq{xq) induced by approaching a dielectric 
oscillator (volume: Vnano) into the evanescent field, compared to the unperturbed cavity resonance with the oscillator being 
removed, uoo: 

Acq ^ 1 /^„_ {<r-} - l)\E{f)\'d'r 
^0 2 /^e(r)|i(f)Pd3r 

where e(r) denotes the relative permittivity. The microcavity mode volume is important in a variety of studies, such as in cQED 
[51 [7] and reads 14av = Jy ^{r) \E{r)\^ /l^maxP d'^r, where -Emax stands for the maximum of the electric field. At a distance 
xo outside the cavity's rim, the evanescent field can be described as E{xo) — Emax^e~"^° , where ^J^max represents the field 
at the cavity/vacuum interface, that depends on the mode shape and polarization type (TE/TM) [8|. The decay constant is 
approximately given by = {X/2-k) l\/rfl — 1. Thus, expression (4) may be approximated by: 

AlOq 1 j4nano 1 — e 2 , n ,2 -2aio 

-—=-T.^r TT (J^nano-l)^e (S 6) 

Wo 2 Vcav 2Q 

where Anano denotes the nanomechanical oscillator's area sampled by the optical field, t its thickness and rinano is its refractive 
index. If the nanomechanical oscillator is thin enough (t <^ l/2a), the above expression can be simplified to: 

^ _ 1 Kano (^2^^^ _ i)^2^-2..o _ ^) 
t^O ^ Vcav 

Vnano then denotes the nanomechanical oscillator's volume sampled by the optical field. In comparison with cQED "B], the 
coupling rate here scales as the inverse of the microcavity mode volume (instead of its inverse square root). This is a consequence 
of the absence of permanent polarization in our dielectric oscillators. Linearizing eqn. (5) for small fiuctuations x around xq, 
one obtains: 

7 -| —2at 

^nano J- C /2 t \ ^2 —2aXQ /o o\ 

g = ujoa-rp ("nano - 1)? e (S8) 

Vcav 2q 

The typical mode volume for a toroid microcavity can be estimated as Kav = 27r_R(_Dniodc/2)^7r where Dmodc is the diameter 
of the optical mode, whose shape is for simplicity assumed to be circular. 



A. Horizontal configuration for a nanostring oscillator 



When the nanomechanical oscillator in form of a doubly clamped SiN string is placed horizontally (i.e. parallel to the 
propagation of the WGM)-as in the experiments presented in the main manuscript-, one needs to take into account the finite 
sampling length due to the toroid's curvature. When the nanostring is positioned tangentially to the toroid at a distance xq 
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from the rim, the field at a volume element at position y from the center of the nanostring can be expressed as E{xo,y) oc 

e "'{V'-^+^o) +y R) ^ This expression yields a mean transverse sampling length of ly = ^ -KR/a (with correction terms 
O{xo/R,a'^ /R) < 1). The effective area of the nanomechanical oscillator seen by the light field is then approximately given 
by j4nano ~ vj^J-kR/oi {w. nanomechanical oscillator's width). Thus, 

2 1 ^ — 2at 

9 ^ ^oa — Kano-l)? e «. (S9) 

When considering typical parameters, i.e. R = 30 /^m, w = 800nm, t = llOnm, A = 1.55 ^m, 1/a = 220nm, ^ — 0.4, 
y^nano = 2.05 and Dmodc ~ 3.5 /im, one obtains a maximum rate in the horizontal configuration of g^/2TT ~ 60 MHz/nm, which 
is within a factor of 5 of the values obtained experimentally. The discrepancy is ascribed to imperfections in the positioning of 
the nanomechanical oscillators with respect to the cavity. 



B. Vertical configuration for a nanostring oscillator 

When the nanomechanical oscillator is placed vertically (i.e. perpendicular to the propagation of the optical whispering 
gallery modes, WGM), the oscillator's area seen by the cavity can be expressed as A^^^o = wlx, where Z^, = \J-Kr ja (r denotes 
the toroid's minor radius). This yields the following expression for the coupling rate: 

9 =^o«— 7-7=— 7, Kano-l)Ce (SIO) 

The ratio between the optomechanical coupling rates obtained in the horizontal and vertical configurations is 

= (Sll) 

For the typical values specified above and a minor radius of r = 3 /xm, this expression evaluates to 3 which is in agreement with 
the experimental observation, that slightly higher coupling rates can be achieved in the horizontal configuration. 



C. Nanosheet oscillator 

For a nanomechanical sheet, the effective area sampled by the cavity is given by Ashcot = Ixly which for the parameters 
mentioned above and a sheet thickness of 30 nm yields a coupling rate of g/2n ~ 40 MHz/nm which is only a factor of two from 
the values obtained experimentally. A more detailed analysis of the actual optical mode profile would allow a more precise 
comparison to the model. 

It is interesting to note that the coupling rates exhibit a strong dependence on the optical wavelength, originating in particular 
from the microcavity mode volume, so that the former could be strongly enhanced when working with smaller wavelengths and 
cavities. 



III. EFFECTIVE MASS OF THE NANOSTRING OSCILLATORS 



The n**^ eigenmode of a thin, doubly clamped string of length L, density p, dominated by its internal tensile stress S (force 
per cross-sectional area) oscillates at frequencies approximately given by [5]: 

ni^^/27v=^.[^. (S12) 
2L V p 

This allows deducing an internal tensile stress of 0.9 GPa from our measurements. In this limit the fundamental mode pattern 
of the strings extending from y — —L/2 to y = L/2 can be described as 



u(y) = wocos (^^y^ (S 13) 



and fulfills the equipartition theorem in the following sense: 

^mnl{u^) = kBT, (814) 

where m = ptwL denotes the oscillator's physical mass and (w^) = 1/L u{y)^dy is the mean squared displacement amplitude 
averaged along the string's length (note that for the time and space averaged root mean square amplitude u one would obtain 
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= 1/2 (u^))- In general, however, the measured effective coordinate deviates from {u'^) since it is weighted by the geometry 
of the measurement apparatus which in our case is given by the spatial distribution of the normalized optical mode profile 
vo{y) sampling the nanomechanical string {J^^vo{y)'^dy — 1). This yields an effective measured squared displacement of 

{u)^2 ~ (^Jj^u{y)vo{y)^dy)^ . Thus, the oscillator's mass correspondingly has to be adjusted in order to maintain equipartition 
for the actually measured coordinate, leading to an individual effective mass rricfi for each mechanical mode. The effective mass 
of the n-th mode (with mode pattern it„) can then generally be written as 



Assuming for example a point like measurement, i.e. vo{y)^ = S{y), the effective mass of the eigenmodes which are symmetric 
around y — evaluates to m/2. Note that the effective mass of all antisymmetric modes in contrast diverges for any symmetric 
probing around y = 0. This is in fact used in practice for optimizing the centering of the nanomechanical strings. 
Inserting the approximate expression of the toroid field obtained in the previous section vo{y) = ''^^ (for the 

horizontral configuration as used in the experiments presented in the main manuscript) as well as the fundamental mode pattern 



of the strings into eqn. (S 15l one obtains the following expression for the effective mass meft of the fundamental mode 

mcff _ TvR /^cos^(fj/)dy 



9 (S 16) 

(/^cos(fy)e-!'V«dy)2 



m La 

1 



where /3~^ = = (nly/L)'^ reflects the transverse sampling length ly compared to the string's length L. 



Taking into account the effective mass of the respective mechanical mode is important to get consistency between static 
and dynamic optomechanical coupling rates. The statically determined optomechanical coupling rates {g = du!o{xo) / dxo) 
are independent of the above considerations, as they are obtained by uniformly displacing the nanomechanical strings. The 
dynamically determined optomechanical coupling rates {g = \J Sujui/S^x), however, are not, since the transduction of the 
individual mechanical modes' motion to cavity frequency noise involves the mode pattern of the particular mechanical modes. 
Thus, the overlap between optical and mechanical modes has to be accounted for in order to recover correct displacement 
amplitudes. For a point like measurement of e.g. the fundamental mode at the center of the string, the measured coordinate 
is given by the the peak displacement no — \/2 {v?) which is X\/2 larger than the root mean squared displacement ^ {v?) 
averaged along the full length of the string. Thus, the measured mechanical oscillator mode effectively can be described by a 
x2 smaller mass, i.e. its effective mass mcfi = m/2 as mentioned above. 

All our measurements are in fact close to such a point like measurement, i.e. (3^^ is sufficiently small such that the second 
fraction in eqn. ( |S 17[ ) evaluates to values close to unity yielding effective masses ~ m/2. The deviations from the point-like 
value rricfi = m/2 (largest for the shortest strings of 15 /im where a deviation of 30% is found) are, however, accounted for. Thus 
employing the correct efffective mass for the single-sided Brownian noise S'3:i,[f2] = ArricaTinkBT |xm[f21|^ and the susceptibility 
Xm[i^] ( Xm[f2]~^ = mefi(0^ — — iVmO,)) cusurcs that static and dynamic coupling rates as well as the ones determined by 
the force response (cf. next section) match. 



IV. NANOMECHANICAL OSCILLATOR-CAVITY RESPONSE MEASUREMENT 



In contrast to thermal noise measurements, the use of an intensity modulated optical beam allows extracting information on 
the phase response of the nanomechanical oscillator, in particular enabling to identify the direction of the forces exerted on the 
oscillator. Here, following previous work [10], we describe a pump-probe measurement that proves the attractive nature of the 
light-force, as expected for an optical gradient force, and furthermore provides an additional and independent measurement of 
the coupling rate g. 

Experiment — Fig. S |S2| shows the experimental setup. We use a fibre-coupled diode laser operating around a wavelength 
of 1530 nm serving as pump laser. It provides a sinusoidally modulated input power 5Pin{t), which in turn causes the optical 
resonances to periodically shift in frequency via thermal effects due to light absorption, via light-force induced mechanical 
displacement of both the toroid and the nanomechanical oscillator, but also via the Kerr-nonlinearity of silica. These shifts are 
read out with a 1560 nm probe laser locked to a microcavity resonance, whose transmitted phase reflects the induced equivalent 
cavity resonance frequency shifts. Modulating the power of the pump laser and demodulating the detected probe error signal 
with the same (swept) frequency, we are able to observe and discriminate the different mechanisms contributing to the system's 
response. While electronic modulation and demodulation are conveniently accomplished with an electronic network analyzer, 
we use a flbre-coupled interferometric LiNbOs amplitude modulator to generate the modulated pump light. The polarization of 
both lasers is independently adjusted prior to their injection in a 50/50 coupler. The light transmitted by the oscillator-cavity 
system is split using a 90/10 coupler and the separation between the pump and probe fields is ensured by means of tunable 
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Figure S2: Experimental setup used for the pump-probe measurements. The amplitude modulated pump and the probe beam 
(both at resonance of two optical modes) are sent to the cavity via a fibre coupled beam combiner. The transmitted signals of 
both pump and probe beam are accessed individually via a fibre coupled splitter and tunable optical filters (TOF) . The probe 
beam is amplified via an EDFA before detection to allow probing of the cavity-nanomechanical-oscillator system's response 
to the pump beam (via a Pound-Drever-Hall technique) at low probe power. EDFA: Erbium doped fibre amplifier, I Mod: 
intensity modulator, P Mod: phase modulator, FPC: fibre polarization controller, Pd: Photodiode, PC: personal computer, 
SA: spectrum analyzer, NA: network analyzer. 



optical filters. The main port serves for probing as well as locking the probe laser while the weak port allows maintaining the 
pump laser at resonance. We verified that residual crosstalk was more than 10 dB below the weakest signals detected when 
working with sufficiently high Q optical resonances. 

Broadband response — First, we measure the broadband response of the nanomechanical oscillator-cavity system. As shown 
in Fig. 2 d (inset) of the main manuscript, it is the sum of several phenomena. At low frequencies, the microcavity response to 
the intensity modulation is dominated by thermal mechanisms. The most prominent is the temperature induced refractive index 
change that affects the effective length of the cavity. The thermorefractive contribution strongly reduces with frequency, and 
above 1 MHz one can observe a plateau corresponding to the silica Kerr effect contribution and a few resonances corresponding 
to the first mechanical modes of the toroid (the mechanical modes of the nanomechanical oscillator are not resolved due to their 
high mechanical Q). Note that we do not see a change of any broad-band noise when the cavity is probed with and without 
nanomechanical oscillator which allows inferring that the thermal response of the nano-object is much smaller than the toroid's 
response. 

The Kerr response of silica (i.e. the intensity dependent refractive index) serves as a reference in our measurements. Under 
a modulation 5P of the intracavity power it causes an equivalent cavity optical resonance frequency change given by: 

Siuf"" [n] ^-Loo — — sp[fi], (s 18) 

^eff ^mode 

where 712 = 3 • 10~^® cm^ is the Kerr coefficient of silica and Amodc the optical mode area (ylmodc ~ 7r(_Dmodc/2)^). 

Mechanically resonant displacement — The modulated intracavity power exerts a modulated dipolar force (5_F[n] on the 
nanomechanical oscillator that in turn modulates the microcavity optical resonance according to: 

5llIo'"'°[Q,] = gprobcSx[Q,] = gpiobcXyn[^]SF[Q,] , (S 19) 

where gprobc is the coupling rate of the probe optical mode and Xm[f2] ~ ^ ^^.(^2 -Q-i-iQr — ) ^^'^ 5x[fl] are the susceptibility 
and the oscillation amplitude of the nanomechanical oscillator. Note our definition of Sx, i.e. the coordinate 5x increases, when 
the nanomechanical oscillator moves away from the microcavity, and thus the optical resonance frequency is blue-shifted. The 
modulated optical force applied on the oscillator can be written as: 

dF[il\ = -%pump z . (S20) 
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Figure S3: Shown are the couphng rates (?pump (red) and (/probe (blue) which are evaluated from static measurements as well as 
the effective coupling rate (joff determined by the force-response measurement (orange). Error bars represent the uncertainties 
in scaling the different data sets to a common base. To within our measurement accuracy, we confirm the magnitude expected 
for the dipolar force which demonstrates independently that the force on the nanomechanical oscillator is dominated by the 
optical dipole force. 



We have differentiated between the coupling parameters for the pump ((/pump) and probe ((/probe) modes since they exhibit 
different spatial profiles. Note also that we assumed in this expression that the effective mass in the response measurement is 
the same as the one defined previously. Both coupling parameters have been separately measured, exploiting their respective 
induced static optical frequency shift. The intracavity power is linked to the injected modulated power 5Pin by &P = 5-Pin 
in the case of critical coupling, where T = c/ [ucbRk) denotes the optical finesse (the linewidth k./2ii of the pump mode is 
120 MHz, such that the cavity cut-off can be safely neglected for the modulation frequencies below 15 MHz considered here). 

The total response of the system is the coherent sum of the various mechanisms contributing. Since we are only interested 
here in the local response in the vicinity of the nanomechanical oscillator's resonance, we only consider Kerr and mechanical 
responses: 



(/probe (/pump 27r/?72gg j4mode 



cn2 



(S21) 



The frequency response data, normalized to the Kerr background, were fitted using the model 



1 + 



ai 



(S22) 



that represents the coherent sum of a damped driven harmonic mechanical oscillator and a unity (Kerr) background response. 
Note that this allows for interference to occur between the responses of the mechanical modes and the instantaneous Kerr 
response, since the former gets out of phase with the latter when the driving modulation is swept over the resonance frequency 
(at resonance the mechanical oscillator response is 7r/2 out of phase with the driving force) giving rise to a dispersive shape 
in the global response curve. As shown in Fig. 2 of the main manuscript, this effect is indeed observed with an excellent 
agreement between the data and the fit model. No dependence on the modulation amplitude could be observed. 

The frequency dependence of the mechanical susceptibility, i.e. the fact that it responds in phase (out of phase) at frequencies 
lower (higher) than its eigenfrequency, allows accessing the sign of the measured force. Importantly, the fact that the interference 
dip is present at frequencies higher than the mechanical resonance frequency confirms the attractive nature of the optical 
FORCE, as expected for a dipolar force, oriented towards the region of higher optical intensity. 

The results from the fits for different oscillator positions (the coefficients ai) allow extracting the effective force-response 
coupling rate g^s ~ ^(/pump (/probe. As shown in Fig. S 3, good agreement at a level of 10%, within the experimental errorbars, 
is found between the static and the force-response based determination of the coupling rate (/eft , underpinning the fact that the 
force acting on the nanomechanical oscillator is dominated by the optical dipole force. 
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V. DISPLACEMENT SENSITIVITY 

The quantum nature of light hmits the (double-sided) displacement sensitivity to a level of 



2 



in case of direct phase quadrature read out (homodyne detection) , impedance matching for the cavity and ideal photodetectors. 
For the parameters k/2-k — 50 MHz, g/2n = 3.8MHz/nm, Pin = 65 /iW, f2/27r = 8 MHz, A — 1550 nm one can achieve a 
displacement sensitivity of 1.5 x 10~^®m/\/Hz. In case of a single-sided Pound-Drever-Hall detection technique, this value is 
increased by a factor of 1.73. 

VI. DYNAMICAL BACKACTION 

When working with a laser detuned by A with respect to the cavity resonance, the radiation pressure force experienced by 
the nanomechanical oscillator can become viscous leading to cooling or amplification of motion. In case of critical coupling, 
the dynamical backaction rate can be written as [10] 



Q-^zp \ Pin 



K J fit^o 1 + 4AVk2 Vl + 4(A + !:!n.)V'^^ l + 4:{A-n^f /k'^ 



(S24) 



where x^p — ^ h / {2mcsO,ni) denotes the nanomechanical oscillator's zero point motion. For a laser blue detuned to half the 
side of the fringe of the optical resonance, corresponding to A = +k/2, the previous expression can be simplified to: 

(gXzpY Pin Sn^/K 
^'^^^ [ ^ ) ftc^o 1 + 4ni/K* • ^' 

The data represented in Fig. 4 a of the main manuscript, are fitted with the previous expression for A = +k/2. The only free 
fit parameter is the input power Pin. When compared to the experimental values, we find good agreement within the error 
bars of the measurement (see inset in Fig. 4 a of the main manuscript), proving that the backaction observed is dominated by 
the optical dipole force. 

The threshold for the onset of the optomechanical parametric instability is reached when the injected power is sufficient to 
ensure Fba = -Fm: 

Pin =^ J. ^^i^ + ^^n./-) ■ (S26) 

VII. QUANTUM BACKACTION ON A NANOMECHANICAL STRING 

The nanomechanical oscillator is both subject to the stochastic thermal Langevin force as well as to the quantum fluctuations 
of the optical dipole force induced by the shot-noise of the optical input field, i.e. a quantum backaction force [11]. The (double- 
sided) thermal Langevin force spectral density is given by the expression: 

Sff M = 2meff Fn, fcsT . (S 27) 

The quantum nature of the intracavity field is responsible for a fiuctuating quantum backaction force given by 5P[S7] = 
—hgTrtSI[Q] where SI represents the quantum fluctuations of the intracavity photon flux. The noise properties of the latter can 
be linked to the input flux quantum noise spectrum by 5/ [Q] = ^ i+4n^/K^ > '^^^^ '-'^ critical coupling and for a quantum 
noise limited input light source. Using the cavity finesse = c/(neffPK), the (double-sided) backaction force spectral density 
can then be written as: 



Note that the spectral densities ( S 23 1 and ( S 28 1 fulfill the Heisenberg inequality in the form 



st:"[n]-s^p^n]^2^, (S29) 

as expected in case of critical coupling. 

A key quantum optomechanical experiment would lie in observing the quantum backaction of the measurement laser onto 
the mechanical oscillator. This would allow observing quantum mechanical correlations between a meter and probe beam and 
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Figure S4: Quadratic coupling of the nanostring's in-plane motion to a split optical microresonator mode when positioning 
the nanostrings perpendicular to the WGM propagation direction. See text for further information. 



would thus constitute a QND measurement scheme for optical fields |12II13| . For such a measurement, an obvious prerequisite 
is to enter a regime where the quantum backaction becomes comparable to-or even larger than-the thermal Langevin force 
spectral density, i.e. where the ratio 



h 



2 nn Pin 



(S30) 



is comparable to unity. In our present experiment this ratio is still small, on the order of 10~^. Quite remarkably, however, 
for an ultra-high Q strained and doubly clamped SiN string (as those demonstrated by Verbridge et al. in Cornell with a Q 
of 1,000,000 at a frequency of IMHz and eflective mass of 15 pg [14]) dispersively coupled to a microresonator, a promising 
outlook can be given. To illustrate this point, eqn. (25) is rewritten as 



oqba 

^pp ro 
cth I"" 

Opp 



20MHz/nm 



4MHz\ /I5pg 



k/2tT j \ TTlcfl 



106 



IMHz 



A 



780 nm 



300 K 

T 



(S31) 



Thus, assuming a decay rate of hi/2ii = 4MHz at a wavelength A = 780 nm and an input power of P = 100 /^W, this ratio 
reaches unity for a coupling rate of g/2-K — 20 MHz/ nm at room temperature. Such a coupling rate which is a factor 2-3 above 
the currently shown rates should in principle be achievable for shorter cavity radius and wavelength. 



VIII. QUADRATIC COUPLING 

Optical WGM resonators can enter a regime where the doubly degenerate clockwise (CW) and counterclockwise (CCW) 
optical modes form doublets due to intrinsic scattering centers giving rise to coupled CW and CCW modes |15II16| . This leads 
to the formation of standing wave pairs within the resonator corresponding to the respective non-degenerate new eigenmodes 
(cf. Fig. S 4a). In the vertical coupling configuration (where the strings are positioned perpendicular to the propagation of the 
WGM, cf. inset Fig. S 4b) the nanomechanical string can be positioned at a node or antinode of the corresponding standing 
wave and in this manner, the coupling of the string's in-plane motion to the optical fields can be rendered quadratic. Fig. S 4c 
shows a color-coded image of the cavity transmission as a function of the lateral position j/ of a nanomechanical string which 
allows imaging the standing waves. The lateral periodicity corresponds as expected to half the wavelength in the wave guide 
(A/2n ~ 500nm). Note that in this vertical coupling configuration we observe scattering due to the nanostring which is however 
unequally distributed among the two modes since they can exhibit either a maximum (leading to non-negligible scattering) or 



a node (leading to negligible scattering) at the nanomechanical oscillator's position. At the location in Fig. S S4; indicated 



by the red arrow (corresponding to the transmission plotted in panel b) the system exhibits a quadratic optical frequency shift 

|^^o(y)=3''\ while J^L 



with respect to the transverse motion y of the string, i.e. a nonzero ^-2U>o{y) = g^^\ while 4-u}o{y) = 0. Hence, the interaction 



Hamilitonian is quadratic [171 118j . i.e. Hint = {hg^^^ J/zp/2^ hmO^ a, where yzp is the mechanical zero point motion and fim the 
number operator of the mechanical oscillator. The latter is of interest in order to achieve an experimental setting in which a 
QND measurement of mechanical quanta [171 118] becomes in principle feasible. 
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